ABSTRACT: Sediment nutrient levels and water-level fluctuations are important factors that affect the development and growth of submerged macrophytes; however, little is known about the adaptive responses of macrophytes to these factors. We conducted an experiment using the submerged macrophyte Myriophyllum spicatum L. grown under 2 sediment nutrient levels (high: 2.7 mg g −1 total nitrogen, TN; 1.5 mg g −1 total phosphorus, TP; low: 1.45 mg g −1 TN and 0.70 mg g −1 TP) and 3 amplitudes of water-level fluctuation (static, ± 50 cm, ±100 cm) in outdoor ponds. We hypothesized that increased nutrient supply would promote the growth of M. spicatum, which can acclimate to the negative effects of moderate water-level fluctuations. After 112 d of growth under high-nutrient conditions, the plants produced a greater shoot biomass (higher branch number and length), resulting in greater accumulation of total biomass. However, plant growth was inhibited by increasing the amplitude of the water-level fluctuations: at ±100 cm, the plants allocated more biomass to the roots and produced fewer and longer branches. Conversely, plant growth was promoted in the high-nutrient sediments at ± 50 cm amplitude. The production of auto-fragments was increased in the high-nutrient sediment but was significantly decreased by high water-level fluctuations. Thus, sediment nutrient levels and water-level fluctuations have strong interactive effects on the growth and reproduction of M. spicatum, and increased sediment nutrients in combination with moderate water level fluctuations facilitate nutrient acquisition, plant growth, and reproduction. Our study implies that moderate water-level fluctuations benefit the restoration of submerged macrophyte communities, particularly in high-nutrient habitats.
INTRODUCTION
Sediment nutrients and water-level fluctuations are important factors that affect the development of submerged macrophytes in shallow lakes (Xie et al. 2009 , Yu & Yu 2009 . Sediment is the primary source from which most submerged macrophytes take up macro-and microelements (Barko & Smart 1983 , Barko & Smart 1986 , although submerged macrophytes can take up nutrient ions from the water column in some eutrophic cases (Madsen & Cedergreen 2002) . The effect of sediment nutrients on the growth of submerged macrophytes has received increasing attention during the past decade (Smith et al. 2002 , Hangelbroek et al. 2003 , Xiao et al. 2006 , Wang & Yu 2007 . Variations in the response of plants to sediment nutrient levels have been reported for plant size (Xie & Yu 2011a) , biomass and resource allocation , plastic adjustments (Mony et al. 2007 ), root structure (Xie et al. 2007) , and reproductive strategy (Xiao et al. 2006) . Even small variations in nutrient availability can cuase large differences in plant growth and morphological responses (Sugiyama & Bazzaz 1998 , Müller et al. 2000 . If mineral elements are scarce, terrestrial plants often allocate a greater proportion of their biomass to the root system, which increases the root:shoot biomass ratio (Hermans et al. 2006) . However, most previous studies in aquatic habitats regarding such morphological changes only focused on single factors (e.g. nutrient availability), whereas evidence for morphological changes in re sponse to multiple factors is lacking.
Water-level fluctuation is a component of the hydrological regime defined by the water depth and duration, frequency, amplitude, and timing of flooding and desiccation events (Yu & Yu 2009) . Natural water-level fluctuation is a dynamic process that affects submerged macrophytes both temporally and spatially (Coops et al. 2003 , Yu & Yu 2009 ). For example, an extremely high water level during the growing season may reduce the production of submerged macrophytes by limiting light availability, whereas a low water level during the summer may damage plants through wave action or desiccation (Coops et al. 2003 , Bornette & Puijalon 2011 . Submerged macrophytes generally respond to high fluctuations in the water level through morphological adaptations, such as stem/leaf elongation and aboveground biomass allocation , Pilon & Santamaría 2002 , Yang et al. 2004 , Yu & Yu 2009 , Huber et al. 2012 ). Many studies have focused primarily on the water depth gradient (i.e. simply comparing different water depths), but few experimental studies have addressed the role of water level fluc tuation on the growth of submerged macrophytes (Deegan et al. 2007 , Yu & Yu 2009 , Zhang et al. 2012 .
Several recent studies have also demonstrated that an increased nutrient supply can mitigate the negative effects of flooding (i.e. fluctuating water levels) on the growth of fast-growing wetland species and floating leaved species (Xie et al. 2009 , Yu & Yu 2011 , suggesting interactions between nutrient avail ability and water-level fluctuations. Indeed, in flooded environments, nutrient absorption is generally reduced due to inactive root activity and an insufficient energy supply (Jackson & Drew 1984) . However, if a high nutrient supply is also available, plants might gain constructive material for root growth and stem/petiole elongation to address flooding stress (e.g. turbidity and anoxia; Xie et al. 2009 , Deegan et al. 2012 ). In addition, high nutrient levels may also reduce or even reverse the effect of flow velocity on plant biomass and leaflet number per leaf of wetland species (Puijalon et al. 2007 ). High levels of nutrients can promote shoot production (Xie & Yu 2011a,b) and might increase the tensile strength of rooted submerged macrophytes (Brewer & Parker 1990) , which could help the plants resist the physical effects of waves at low water levels. Nevertheless, our understanding of the mechanisms by which the growth of submerged macrophytes is affected by the interaction between nutrient availability and waterlevel fluctuations remains limited.
Myriophyllum spicatum L. is a perennial submerged aquatic macrophyte native to Europe and Asia and is dominant in freshwater regions throughout China (Cook 1990 , Xie et al. 2007 , Xie & Yu 2011a ). This species is considered to be among the most troublesome aquatic weed species worldwide and has been shown to form thick monospecific stands that reduce the relative abundance and richness of other species in North America and North Africa (Grace & Wetzel 1978 , Aiken et al. 1979 , Buchan & Padilla 2000 , Smith et al. 2002 , Ali & Soltan 2006 . The dispersal and population expansion of M. spicatum occurs mainly via auto-fragments, i.e. selfformed stem segments (Smith & Barko 1990 , Smith et al. 2002 , which are able to spread across very long distances and colonize new habitats (Smith & Barko 1990 , Santamaría 2002 . M. spicatum occurs in various sediment types and can tolerate low-light environments, such as extra-eutrophic waters (Barko & Smart 1983 , Smith & Barko 1990 ). This species is therefore widely used for eutrophic lake restoration in China (Qiu et al. 2001 , Gao et al. 2007 .
We studied the effects of different sediment nutrient levels and water-level fluctuations on the growth of Myriophyllum spicatum. Two hypotheses were tested: (1) M. spicatum can adapt to changing sediment nutrient levels and water-level fluctuations via morphological plasticity; and (2) high sediment nutrient levels and moderate water-level fluctuations promote plant growth and auto-fragment production, whereas low sediment nutrient levels and high waterlevel fluctuations significantly inhibit plant growth and auto-fragment production.
MATERIALS AND METHODS

Plant material
The study was conducted at an experimental garden 2 km from Taihu Lake (31°30' N, 120°30' E) in Yixin City, Jiangsu Province, China. In mid-March 2011, 200 apical shoots (7 cm long) of Myriophyllum spicatum were collected from Taihu Lake (sediment total nitrogen, TN: 1.33 mg g −1 and total phosphorus, TP: 0.75 mg g ) for approximately 2 wk until the plants displayed well-developed root systems.
Experimental design
After the plants developed roots, 48 apical shoots of similar initial biomass and shoot length (0.81 ± 0.03 g wet weight and 17.18 ± 0.44 cm, mean ± SE) were planted in 48 plastic pots (20 cm diameter, 15 cm in height) filled with approximately 15 cm of Taihu Lake substratum. Six pots with different treatments were randomly suspended at different positions in 1 of 8 outdoor concrete ponds (3.0 × 3.0 × 2.5 m; the pots were separated by thin nylon fishing net) and filled with fresh lake water (mean ± SE TN: 2.88 ± 0.77 mg l ; to minimize the influence of phytoplankton, the water was filtered using a plankton net). The pots were individually adjustable in the vertical direction by ropes connected to steel bars lying on top of the ponds. Two nutrient sediments were tested: a high-nutrient sediment (6 kg pure clay substratum mixed with 50 g of smart-release fertilizer Osmocote ® ) with 2.70 mg g −1 TN and 1.50 mg g −1 TP and a low-nutrient sediment (6 kg of pure clay substratum) with 1.45 mg g −1 TN and 0.70 mg g −1 TP. The substrata were obtained from Taihu Lake, and the TN and TP concentrations in the high-nutrient treatment approximated those occurring in eutrophic sediments in Taihu Lake (Chen et al. 2011 . Each treatment was replicated 8 times. The light intensities at 4 depths (water surface, 120, 170, and 220 cm) in the water column were re corded at noon every day (mean ± SE irradiance values at the water surface and at depths of 120, 170, and 220 cm were 1361 ± 27.18, 167 ± 11.22, 98 ± 7.06, and 45 ± 5.13 µmol photons m −2 s −1
, respectively).
The study was conducted in 2011 during the active growth period of Myriophyllum spicatum in Taihu Lake, from 29 April to 7 July. During the experiment, auto-fragments were dried at 80°C for 48 h and weighed when they were abscised from the parental plants each day. At the end of the experiment, the individual plants were harvested and categorized into roots, above-ground tissues, and auto-fragments, and the stem lengths were measured. Dry weights of the various parts of the plants were measured after drying at 80°C for 48 h.
Statistical analysis
All data were transformed using the log (x + 1) function to ensure homoscedasticity and normality of the residuals. Effects of the sediment nutrient level and amplitude of water-level fluctuations on branch number, branch length, shoot length, and autofragment biomass were tested with 2-way analysis of covariance (ANCOVA), with shoot biomass as the covariate , as follows: Y (morphological responses) = constant + nutrients + waterlevel fluctuations + nutrients × water-level fluctuations + shoot biomass. A 2-way ANOVA was used to test the significance of the differences in the total biomass, shoot biomass proportion, branch biomass proportion, and root biomass proportion depending on the sediment nutrient level and amplitude of water-level fluctuation using a Duncan multiple comparison test (α = 0.05). All data were analyzed with SPSS 19.0.
RESULTS
Biomass production
Sediment nutrient levels and water-level fluctuations had significant effects on biomass production, and the response of biomass production to the water-level fluctuation varied with the sediment nutrient level (Table 1) . Plants grown in high-nutrient sediment produced more total biomass than plants grown in low-nutrient sediment. In the highnutrient sediment, an increased accumulation of total plant biomass was observed at a fluctuating amplitude of ± 50 cm compared with the static and ±100 cm amplitudes. In the low-nutrient sediment, a decrease in total plant biomass was observed as the amplitude of the water level fluctuation increased (Fig. 1a) .
Morphological parameters
Root, shoot, and branch biomass proportions were significantly affected by sediment nu trient level and amplitude of water-level fluctuation, and the interactions between the 2 factors were also significant ( Table 1 ). The root biomass proportion was significantly higher for plants grown in low-nutrient sediment than for those grown in high-nutrient sediment. The root biomass proportion was significantly higher with an increasing amplitude of water-level fluctuation (ex cept for the ± 50 cm amplitude in the high-nutrient sediment; Fig. 1b) , whereas the opposite trend was observed for the shoot biomass proportion. Plants grown in highnutrient sediment and under relatively stable conditions (static and ± 50 cm amplitude) had a higher branch biomass proportion and lower main stem biomass proportion than plants grown in low-nutrient sediment and under fluctuating conditions (±100 cm amplitude; Fig. 1b) .
Branch number, branch length, and shoot length were closely correlated with shoot biomass, and these relationships were significantly affected by sediment nutrient level and fluctuating amplitude (Table 2 ). More and longer branches and taller shoots were observed for plants grown in high-nutrient sediment than those grown in low-nutrient sediment (except for the mean branch length at the static amplitude, Fig. 2b ). Significant decreases in branch number and lengths of branches and shoots were observed at ±100 cm amplitude than at static and ± 50 cm amplitudes (Fig. 2a−c) . For plants grown in high-nutrient sediment, more and longer branches and taller shoots were produced in those plants grown at the ± 50 cm amplitude than those grown at the static amplitude. However, except for the shoot length, these differences were not significant for plants grown in low-nutrient sediment (Fig. 2a−c) .
Auto-fragment production
Auto-fragment biomass was also closely correlated with shoot biomass, and auto-fragment production was significantly affected by sediment nutrient level and water-level fluctuation. In addition, auto-fragment production in response to water-level fluctuations also depended on sediment nutrient levels ( Table 2) . Auto-fragment biomass was significantly higher for plants grown in high-nutrient sediment and under 298 Fig. 1 . Myriophyllum spicatum. Mean ± SE (a) total plant biomass and (b) biomass allocation of M. spicatum subjected to 2 sediment nutrient levels (high and low) and 3 amplitudes of water-level fluctuations (static, ± 50 cm, ±100 cm). Bars with different letters represent statistically significant differences (p < 0.05, 2-way ANOVA with Duncan multiple comparison test). All data were transformed using the log (x + 1) function ) increased plant total biomass is consistent with the results of previous studies on this species (Xie & Yu 2011a ) and other species of submerged macrophytes (Xie et al. 2010 , Xie & Yu 2011b Table 2 . Myriophyllum spicatum. ANCOVA of branch number, mean branch length, shoot length, and auto-fragment biomass with sediment nutrient and water-level fluctuating amplitude as fixed factors and shoot biomass as covariate. Non-significant interaction terms were eliminated from the analysis to obtain the final model. Data were transformed using the log (x + 1) function.*p < 0.05, **p < 0.01, ***p < 0.001, ns: non-significant Fig. 2 . Myriophyllum spicatum. Mean ± SE (a) branch number, (b) branch length, (c) shoot length, and (d) auto-fragment biomass of M. spicatum subjected to 2 sediment nutrient levels (high and low) and 3 amplitudes of water-level fluctuations (static, ± 50 cm, ±100 cm). Bars with different letters represent statistically significant differences (p < 0.05, 2-way ANOVA with Duncan multiple comparison test). All data were transformed using the log (x + 1) function high, whereas the light availability is low, thus affecting the recruitment and growth of all submerged aquatic vegetation (Arthaud et al. 2012 , Le Ba goussePinguet et al. 2012 . The growth of emergent and submerged plants is well known to be enhanced by moderate water levels, due primarily to the abundance of light (Deegan et al. 2007 , Yu & Yu 2009 ). In our study, M. spicatum accumulated a greater total biomass under the ± 50 cm amplitude of water-level fluctuations but did so only in the high-nutrient sediment. This finding is consistent with previous studies of emergent macrophytes that showed that moderate water-level fluctuations promote plant growth under high-nutrient conditions (Xie et al. 2009 , Yu & Yu 2011 ). However, a higher amplitude of fluctuation (±100 cm in our study) may lead to functional damage of the root system, resulting in an increased root biomass allocation and reduced total plant biomass (Xie et al. 2009 ).
In our study, the growth of Myriophyllum spicatum did not occur equally in the roots and shoots between the different experimental treatments. If sediment nutrients were highly available, a greater production of shoot biomass (to capture more light resources) was expected ('competitive strategy, ' Kautsky 1988 , Murphy et al. 1990 , Grime 2001 . In contrast, under low-nutrient conditions, shoot development was constrained because a greater proportion of the biomass was allocated to the root system to increase nu trient acquisition (Xie et al. 2007 , Wang et al. 2009 ). A higher amplitude of water-level fluctuation (±100 cm) significantly increased the root and main stem biomass proportions. Similar trends were reported by Yang et al. (2004) and Zhang et al. (2012) , indicating that M. spicatum invests more resources in the roots to avoid being uprooted when growing under moderate water-level fluctuations. In addition, we observed a significant decrease in root biomass in the highnutrient sediment at ± 50 cm amplitude, which indicated that sediment nutrient enrichment and moderate water-level fluctuation (< 60 cm) may interact and facilitate the nutrient acquisition of submerged macro phytes (Xie et al. 2009 , Zhang et al. 2012 . Nutrient enrichment usually causes the production of shorter main roots and fewer lateral roots in submerged macrophytes (Xie et al. 2005 , Wang et al. 2009 ), which could benefit the acclimation of plants to deep-water environments by increasing oxygen transport to the root tissues or by reducing the radial oxygen loss and root respiration in these plants.
Because Myriophyllum spicatum is sensitive to stress, sustained stressful conditions (e.g. deep water or low-nutrient sediments) may inhibit growth and limit the lateral spread of this species (Kautsky 1988 . In high-nutrient sediments, M. spicatum tended to produce more and longer branches and taller shoots, a pattern that is consistent with that observed for most herbaceous terrestrial plants (Bonser & Aarssen 2003) and other freshwater macrophytes (Barko & Smart 1986 , Xie et al. 2010 , Wersal & Madsen 2011 ). Under such conditions, an increased investment in photosynthetic tissue and its enzymatic machinery results in an increased supply of carbohydrates to newly growing branches (i.e. a decreased cost of branch biomass production; Saulnier & Reekie 1995 , Hangelbroek et al. 2003 . The allocation of more biomass to shoot structures (i.e. more and longer branches and taller shoots) in high-nutrient sediments may allow M. spicatum to capture more resources (e.g. carbon and light) than in low-nutrient sediments even in deep water. At an amplitude of ± 50 cm, the number of branches, mean branch length, and shoot length of M. spicatum decreased in the low-nutrient sediment, but the number of branches and shoot length significantly increased in the high-nutrient sediment. This result indicated that an increase in sediment nutrients may facilitate the morphological adaptations of M. spicatum in response to moderate water-level fluctuations. M. spicatum has a high light compensation point, a high light saturation level, and a high maximum photosynthetic rate, which can promote a high growth rate for its adaptation to the moderate water-level fluctuations in high-nutrient sediments (Yang et al. 2004) . Another possible reason might be enhanced CO 2 uptake for net photosynthesis and oxygen uptake for respiration during the fluctuation process (Deegan et al. 2012) . However, if the amplitude of the water-level fluctuations changes excessively (i.e. ±100 cm), morphological adaptations will occur at any nutrient level, and the plant will maintain a suboptimal morphology due to increasing respiration and anoxia , Vretare et al. 2001 , Deegan et al. 2007 , Yu & Yu 2009 ). In the natural world, the time scale of water-level fluctuations is generally seasonal, and rapid cyclic water-level fluctuations (i.e. 14 d cycle in our study) may result in intermittent periods of resource limitation (Yu & Yu 2009 ). Therefore, the elongation of plant shoots did not occur at ±100 cm amplitude in our study. However, different results may be obtained if the time scale of water-level fluctuation is longer (e.g. in different seasons of the year).
The production of auto-fragments was positively correlated with shoot biomass in our study. This result is consistent with the results of previous field and experimental studies (Madsen 1997 , Smith et al. 2002 , Xie & Yu 2011a ). Due to the rapid growth of branches, more auto-fragments were produced in the high-nutrient and relatively stable (static and ± 50 cm amplitude) environments than in the low-nutrient and high-amplitude environments; in the former environment, more lateral branches are produced, thereby increasing the probability of auto-fragment abscission (Xie & Yu 2011a ). In our experiment, plants allocated more resources to growth of the main stem under the low-nutrient level and/or the ±100 cm amplitude conditions, indicating that adverse conditions force the plants to allocate all available resources to their own growth and/or to halt the production of offspring ramets (Slade & Hutchings 1987 , Caraco & Kelly 1991 .
Wave action appears to be a limiting factor that restricts the growth of canopy-forming submerged species such as Myriophyllum spicatum in environmental management programs to restore submerged macrophyte communities (Madsen et al. 2001 , Kemp et al. 2004 , although rapid water exchange may prevent subsequent accumulation of epiphytic algae . In our study, the magnitude of wave action was much smaller than that in nature, although it also may influence the growth of M. spicatum (during the rising phase of water-level fluctuation). Longer shoots and more branches were produced by M. spicatum at the static and ± 50 cm amplitude in the high-nutrient sediment, potentially leading to an increase in the production of autofragments due to wave action.
CONCLUSIONS
In this study, Myriophyllum spicatum responded to an increase in sediment nutrients by producing a greater shoot biomass (i.e. more and longer branches) and higher shoot length. Consequently, a higher total plant biomass was attained in the highnutrient sediment. However, the growth of M. spicatum was inhibited by an increased amplitude of water-level fluctuation (±100 cm): under this condition, M. spicatum allocated more biomass to the roots and main stems and produced fewer and shorter branches. An increase in the sediment nutrient level significantly increased the auto-fragment biomass, whereas higher water-level fluctuations significantly decreased auto-fragment production. These findings suggest that sediment nutrient levels and water-level fluctuations both have strong effects on the growth and reproduction of the submerged macrophyte M. 
